Dielectric relaxation of different molar concentrations of ethanol (C 2 H 5 OH) in binary mixtures of ethanol and chlorobenzene in benzene solutions has been studied at 9.883 GHz by using standard standing microwave techniques and Gopala Krishna's single frequency concentration variation method at different temperatures (25 • C, 30 • C, 35 • C, and 40 • C). It was found that the dielectric relaxation time varies linearly with variation in the molar concentration of ethanol in the whole concentration range of the binary mixture. Based upon these results the absence of solute-solute and the presence of solute-solvent type of molecular associations could be assumed. The energy parameters for the dielectric relaxation process of binary mixtures containing 50 mol% of ethanol have been calculated at the given temperatures. Comparison has been made with the corresponding energy parameters for viscous flow processes. It was found that the dielectric relaxation process can be treated as the rate process like the viscous flow process.
Introduction
Ethanol (C 2 H 5 OH) is a non-aqueous protic solvent [1] . It has the dielectric constant ε = 25.07 and the dipole moment µ = 1.70 D [2] . Chlorobenzene (C 6 H 5 Cl) is an important non-aqueous solvent with the dielectric constant ε = 5.649 and the dipole moment µ = 1.69 D [2] . It is used for manufacturing several important products, such as DDT, nitrochlorobenzene, aniline and silicone resins [3] . It is possible to prepare binary mixtures of ethanol and chlorobenzene having dielectric constants and dipole moment values in between those of ethanol and chlorobenzene. Ethanol and chlorobenzene have quite different static dielectric constants but exhibit similar values for the dipole moments. This motivated the authors to perform experimental work concerned with the dielectric relaxation process in binary mixtures of ethanol and chlorobenzene in order to understand the molecular association in the whole concentration range of ethanol in the binary mixtures.
The study of dielectric relaxation of polar liquids in non-polar solvents by microwave absorption techniques gives valuable information about the various types of molecular associations present in the solutions, because microwaves can detect weak molecular 0932-0784 / 08 / 0100-0093 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com interactions [4 -8] . The present investigation is concerned with the study of dielectric relaxation in binary mixtures of ethanol and chlorobenzene in the whole concentration range of ethanol in the binary mixtures, using standard standing microwave techniques as well as the method of varying the single frequency concentration by Gopala Krishna [9] . Measurements have been made for binary mixtures with different mole fractions of ethanol (0.0, 0.3, 0.5, 0.7, and 1.0) at different temperatures (25 • C, 30 • C, 35 • C, and 40 • C). The energy parameters (∆H ε , ∆F ε , ∆S ε ) have been calculated for the 0.5-mole fraction of ethanol in the binary mixture. It was found that the dielectric relaxation process is a rate process like the viscous flow process. Solute-solvent types of molecular associations have been proposed for chlorobenzene and ethanol in benzene solution, whereas the absence of solute-solute associations has been found.
Experimental
Ethanol (AR grade) from Merck (Darmstadt, Germany) was distilled through a long vertical fractionating column. Benzene (GR grade) from E. Merck Ltd. (Mumbai, India) was dried by refluxing it over freshly cut sodium metal for 6 -8 h and then distilled through a long vertical fractionating column. Chlorobenzene from Central Drug House (p) Ltd. (New Delhi, India) was distilled through a long vertical fractionating column. The middle fraction of each distilled solution was collected for use. The X-band microwave bench (frequency, 9.883 GHz) was used to measure the wavelengths in the dielectric and the voltage standing wave ratio (VSWR). The dielectric constant (ε ) and the dielectric loss (ε ) of dilute solutions of binary mixtures of ethanol and chlorobenzene in benzene at various temperatures (25 • C, 30 • C, 35 • C, and 40 • C) were calculated following the microwave absorption technique of Heston et al. [10] . The temperature of the solution was controlled by thermostated water circulating around the dielectric cell. Following Gopala Krishna's single frequency concentration variation method [9] , the dielectric relaxation time (τ) and the dipole moment (µ) were calculated. The viscosities and densities of the solutions were measured by an Ubbelohde viscometer and a sealable type of pycnometer, respectively.
Results and Discussion
The dielectric constant (ε ) and the dielectric loss (ε ) of the binary mixtures (ethanol + chlorobenzene) in benzene solution have been determined by using the microwave absorption technique of Heston et al. [10] . The accuracy in the measurements of the ε and ε values was ±1% and ±3%, respectively. The following relations have been used to calculate ε and ε :
Here λ 0 , λ c , λ g , and λ d are the wavelength of microwaves in free space, the cut off wavelength, the waveguide wavelength, and the wavelength in the waveguide filled with the solution, respectively, and ρ is the inverse of the voltage standing wave ratio. (dρ/dn) is the slope of the curve of ρ versus n. Here, n is an integer (n = 1, 2, 3, . . . ), such that (nλ d /2) represents the length of the dielectrically filled waveguide. The variation of ε and ε with the weight fraction of the solute in benzene for all binary mixtures was found to be linear ( Figs. 1 and 2 ). This ensures the applicability of the Debye theory and hence Gopala Krishna's method in the studied concentration range of the binary mixtures in the benzene solutions. The relaxation time (τ) and the dipole moment (µ) of the molecular entities were calculated using the single frequency concentration variation method of Gopala Krishna, according to the following equations: 
The measured dipole moments of ethanol and chlorobenzene were found to be very near to the literature values. This shows that pure ethanol and pure chlorobenzene exist in the monomer form in benzene solution. The linear change of the relaxation time, from its value corresponding to one single constituent to the value which corresponds to the pure other constituent, with varying mole fraction in the whole concentration range may be taken as the absence of any solute-solute association in the mixture [11] . On the other hand the non-linear variation of the relaxation time with the mole fraction is interpreted as a possible solute-solute molecular association in the binary mixture [12] . In the present study, the linear dependence of the relaxation time on the change of the mole fraction of ethanol in the binary mixture allows the conclusion of the absence of solute-solute molecular associations (Fig. 3) .
There was a small variation in the dipole moments of ethanol and chlorobenzene in benzene solution with increasing temperature. This could possibly be explained on the basis of solvent effects [13] . The change in the dipole moment with temperature may be due to the stretching of the bond moments and to the change in the bond angles. This supports the existence of a solute-solvent type of molecular association for ethanol in the benzene solution. Plots of log (τT ) versus 10 3 /T (Fig. 4) and log (η) versus 10 3 /T (Fig. 5 ) are found to be linear, which indicates that both the dielectric relaxation process and the viscous flow can be treated as rate processes. Using Eyring's rate equations [14] , the energy parameters (∆H ε , ∆F ε , ∆S ε ) of the dielectric relaxation process of 50 mol% ethanol in the binary mixture in benzene have been calculated. These energy parameters have been compared with the viscosity parameters for the flow of benzene solution as shown in Table 2 . It was found that the free energy of activation (∆F ε ) of the dielectric relaxation process is less than the free energy of activation (∆F η ) of the viscous flow process. This may be explained with the argument that the dielectric relaxation process involves the rotation of molecular entities, whereas in the flow process the rotational as well as the translational motions of the molecules are involved [15] . The enthalpy of activation depends on the local environment of the molecules. The enthalpy of activation (∆H ε ) of the dielectric relaxation process was found to be different from the enthalpy of activation (∆H η ) of a viscous flow process. This difference shows that the dielectric relaxation process comprises different types of bonding and a breaking of the bonding to different extents.
According to Branin and Smyth [16] , a negative value of the entropy of activation indicates that a comparatively smaller number of configurations is possible in an activated state, which is more ordered in comparison to the normal state. This again indicates the presence of a cooperative orientation of the molecules by the steric forces or by strong dipole-dipole interactions with the dipole being better aligned in an activated state. However, the positive value of the activation entropy indicates that the activated state is more disordered. In the present case it is observed that the change in entropy of the dielectric relaxation process is negative, indicating that the environment of the system is cooperative like that of the activated viscous flow state.
